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Lead-free solder bumps have been widely used in current ﬂip-chip technology
(FCT) due to environmental issues. Solder joints after temperature cycling tests
were employed to investigate the interfacial reaction between the Ti/Ni/Cu
under-bump metallization and Sn-Ag-Cu solders. The interfacial morphology
and quantitative analysis of the intermetallic compounds (IMCs) were
obtained by electron probe microanalysis (EPMA) and ﬁeld emission elec-
tron probe microanalysis (FE-EPMA). Various types of IMCs such as
(Cu1x,Agx)6Sn5, (Cu1y,Agy)3Sn, and (Ag1z,Cuz)3Sn were observed. In addi-
tion to conventional I-V measurements by a special sample preparation tech-
nique, a scanning electron microscope (SEM) internal probing system was
introduced to evaluate the electrical characteristics in the IMCs after various
test conditions. The electrical data would be correlated to microstructural
evolution due to the interfacial reaction between the solder and under-bump
metallurgy (UBM). This study demonstrated the successful employment of an
internal nanoprobing approach, which would help further understanding of
the electrical behavior within an IMC layer in the solder/UBM assembly.
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INTRODUCTION
Flip-chip technology (FCT) developed since the
1960s1 provides a great deal of beneﬁcial advan-
tages, including high input/output connections, low
cost assembly, and high reliability. The Sn-Pb sol-
der is widely used in today’s electronic packaging.
Nevertheless, because of the toxic effect of Pb on
human beings and the environment, several Pb-free
solders have been investigated to replace the Sn-Pb
solder.2–6 With the implementation of lead-free Sn-
Ag-Cu solder in surface-mounted components such
as ﬂip-chip ball grid array (FC-BGA) packages, sol-
der joint reliability of such electronic assemblies
requires further research. Integrated circuit (IC)
devices undergo thermal cycling during each power
switch on/off cycle and thus stress becomes acceler-
ated when exposed to different environments. Elec-
tronic assemblies usually have materials with large
differences in the coefﬁcient of thermal expansion
(CTE) between the metallization layer and solder
alloy.7 Thus, solder joints are subjected to thermo-
mechanical induced stresses, eventually leading to
joint interface failures. As a result, thermal cycling
and thermomechanical fatigue studies on lead-free
solder joints are very important for understanding
the reliability of lead-free solder joints.8–10
In the solder joint assembly after various heat
treatments, intermetallic compounds (IMCs) were
formed between the solder and under-bump metal-
lurgy (UBM). The interfacial microstructure and
IMC formation for different types of solders have
been reported.11–17 Nevertheless, data on the varia-
tion of electrical properties in solder joints were
limited in the literature. The purpose of this work
was to investigate the electrical characteristics of
Sn-Ag-Cu solder bump with Ti/Ni/Cu UBM after the
thermal cycle test. A conventional I-V measurement
was conducted, incorporated with a novel design of a
special sample section technique, to evaluate the
resistance related to IMCs formed in the solder joint.
In addition, a specially designed probing technique
was developed to precisely evaluate the resistance
in various parts of the solder joint. The electrical
data corresponding to microstructural evolution at
the interface of the solder joint were also discussed.(Received March 9 2006; accepted May 3, 2006)
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EXPERIMENTAL PROCEDURES
FC-BGA Specimens
Figure 1 shows the test specimen, i.e., ﬂip-chip
BGA with lead-free solder balls. The process for fab-
rication bumps used the stencil printing method.
The ball diameter/pitch was 120 mm/200 mm. There
were four perimeter rows with 1,500 solder balls
and 17 solder balls at the center giving a total of
1,517 solder joints. The package type is high per-
formance ﬂip-chip ball grid array (HFC-BGA) with
1,517 solder balls (FC-BGA 1,517). The FC-BGA
was soldered onto organic buildup using Sn-3.5Ag-
0.5Cu lead-free solder. The detailed solder bump
with Ti/Ni(V)/Cu UBM is shown in Fig. 2.
Temperature Cycle Conditions
of Environmental Test
The temperature cycle test (TCT) has been widely
used in current environment tests for ﬂip-chip tech-
nology in industry. The ﬂowchart for reliability test is
shown in Fig. 3. The test specimens were conducted
in an environmental test oven (Votsch VT7012 S2
System, Berlin, Germany). The dwelling time was
600 sec, 180 sec, and 600 sec at 65°C, 25°C, and
150°C, respectively. The temperature cycles of sol-
der reﬂow ranged from 200 times to 500 times.
Sample Preparation of Cross-Sectional
Observation for EPMA
For cross-sectional analysis, the sample was cold
mounted in epoxy, sectioned by using a slow speed
(50 rpm) diamond saw, ground, polished, and
etched. For the top-view samples, the solder balls
were etched directly with one part hydrochloric acid
and nine parts methanol at room temperature.
Quantitative Analysis of Cross Section
by EPMA
The morphologies of interfacial products between
solders and UBM were observed with a ﬁeld-
emission scanning electron microscope (FE-SEM,
JSM-6500F, JEOL, Tokyo). Compositions of phases
in the solder joints and elemental distribution
across the joint interface were quantitatively
measured with an electron probe microanalyzer
(EPMA, JXA-8800M, JEOL) with the aid of a ZAF
program.18
Electrical Analysis by SEM
Nanoprobing System
The SEM internal probing systems are position-
ing and testing tools for submicro- and nanoscale
research, development application, and failure anal-
ysis. The SEM nanoprobing technique was devel-
oped for electric characteristics in the solder
joint interface after different test conditions in this
study.
For the electrical analysis, the sample was
mounted in the steel holder, sectioned by using a
slow speed (20 to 30 rpm) diamond saw, ground,
and polished by slurry (HT-50) followed by a N2
gun for drying. The solder balls were etched directly
with buffered oxide etch solvent. The dwelling time
was 2 to 3 sec for SEM observation. Deionized (DI)
water was used to clean the residual acid of the
Fig. 1. FC-BGA 1,517 soldered onto organic buildup using Sn-3.5Ag-
0.5Cu lead-free solder.
Fig. 2. The package type is HFC-BGA with 1,517 solder joints
(FC-BGA 1,517). The FC-BGA was soldered onto organic buildup
using Sn-3.5Ag-0.5Cu lead-free solder. Fig. 3. The ﬂowchart for the reliability test in industry.
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sample surface followed by N2 gun spray. The ﬂow-
chart of the sample preparation of nanoprobing pro-
cedures is shown in Fig. 4.
The contact resistance of the IMC layer between
the solder ball and UBM was measured with an
SEM nanoprobing system (S100, Zyvex, Richardson,
Texas) equipped with a cold ﬁeld emission SEM
(FEI-XL-30, Philips, Mahwah, NJ). There were
three types of methods used in this study to conduct
the electrical measurement. The ﬁrst method is a
conventional measurement via layer by layer with
an electrical parameter analyzer (HP-4156C). The
process ﬂow of method I procedures is shown in
Fig. 5. The diode I-V characteristics were measured
between the solder ball and chip. The forward-bias
diode I-V characteristics were ﬁrst obtained and the
slope (resistance) was then derived for the drain (or
source) applied with a voltage from 1.0 to 1.0 V.
Both the second and third methods used an SEM
nanoprobing system, in which method II was con-
ducted in a ﬁxed-distance measurement, while
method III was done with two probes across differ-
ent interfaces. The process ﬂow of methods II and
III are shown in Fig. 6.
RESULTS AND DISCUSSION
Before electrical measurement, it was better to
ﬁrst locate and then to characterize IMCs in the
solder joint. To achieve a reliable quantitative anal-
ysis, a deliberative task in the EPMA operation was
necessary.16Fig. 4. The ﬂowchart of the sample preparation of nanoprobing procedures.
Fig. 5. The process ﬂow of the electronic test in method I follows steps (a)–(e) to derive the electrical curve.
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Interfacial Reaction between the
Sn-3.5Ag0.5Cu Solder and Ti/Ni/Cu
Under-Bump Metallization after TCTs
Figure 7 shows the cross-sectional images of
interface between the Sn-3.5Ag-0.5Cu solder and
Ti/Ni/Cu UBM after 200 cycles and 500 cycles dur-
ing TCT. The interfacial morphology for 200 cycles
of TCT was similar to that of 500 cycles. There was
a major intermetallic compound formed near the
interface, shown as the gray region in Fig. 7.
After quantitative analysis by FE-EPMA, the
average composition of the interfacial product was
45.0at.%Sn-54.8at.%Cu-0.2at.%Ag in the Sn-
3.5Ag0.5Cu solder joint after TCT 500 cycles. The
reported compositions as listed in this study were
the average of at least 10 measured points. The
atomic ratio of (Cu 1 Ag) to Sn was 55.0:45, and
closed to 6:5. Thus, the interfacial product is identi-
ﬁed as (Cu1x,Agx)6Sn5.
It should be pointed out there was another IMC
formed adjacent to the UBM, which was the dark
gray portion in Fig. 7. The FE-EPMA results re-
vealed that the compositions for this smaller IMC
were 74.4at%Cu-25.5%Sn-0.1at.%Ag. The ratio of
Cu to Sn was 74.4:25.5 5 3:1, so that another Cu3Sn
IMC was observed.
Within the solder itself, there was a third IMC
found, which was the precipitated particle, as indi-
cated in Fig. 7b and d. The composition for this IMC,
as indicated in Table I, was 71.0at.%Ag-28.2at.%Sn-
0.8at.%Cu. The ratio of Ag to Sn was 71:28.2j 3:1.
Thus, Ag3Sn IMC was derived.
In consideration of the crystal structure of Cu, Sn,
and Ag, because both Ag and Cu are face-centered
cubic, there should exist some degree of mutual
solubility for Ag and Cu in the IMC, as men-
tioned before. As a result, IMCs observed in the
Sn-3.5Ag-0.5Cu/Cu/Ti/Ni solder joint could be
denoted as (Cu1x,Agx)6Sn5, (Cu1y,Agy)3Sn, and
(Ag1z,Cuz)3Sn.
Electrical Measurement between the
Sn-3.5Ag0.5Cu Solder and Ti/Ni/Cu
Under-Bump Metallization after TCTs
To assess both the IMC layer and the solder bump
performance of ohmic contact to semiconductor chip,
the contact resistance of the solder joint should be
measured.19 In this study, it was intended to pre-
cisely evaluate the resistance of IMCs, when ex-
posed under the elevated temperature for a period
of time.
Method I
In this study, method I was the electrical meas-
urement done via the layer by layer feature, as indi-
cated in Fig. 5. For statistical consideration, the
measurement was carried out with the probing loca-
tions at ﬁve different and well-separated regions,
i.e., (a) top left, (b) bottom left, (c) center, (d) top
right, and (e) bottom right, as shown in Fig. 8. The
reported data discussed below is the average for
these ﬁve measurements.
Figures 9 and 10 indicate the I-V curves derived
in the method I measurement for 200 and 500 cycles
TCT, respectively. From the I-V characteristics, the
corresponding resistance was calculated from the
slope of the curve. Regarding Fig. 5, the resistance
Re measured in step (e) is
Re ¼ RIMC1Rchip ð1Þ
where RIMC and Rchip represent the resistance asso-
ciated with the IMC and chip, respectively.
In the fabrication line, Rchip was a known param-
eter. The resistance data for the IMC can thus be
obtained by
Fig. 6. (a)–(d) The process ﬂow of nanoprobing procedures.
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RIMC ¼ Re  Rchip ð2Þ
After 200 cycles TCT, the evaluated resistance for
the IMC was 1,454 V, while that for the IMC after
500 cycles TCT was 1652 V. The resistance of IMCs
in 200 TCT was a little smaller than that in 500
TCT, because the thickness of IMCs in 500 TCT
was a little larger than that in 200 TCT, as indi-
cated in Fig. 7.
The measured resistance of an IMC was related
to its thickness after various thermal treatments.
Nevertheless, the resistance as measured by
method I after 200 and 500 cycles TCT was compa-
rable in the range of 1,450 to 1,650, implying a reli-
able measurement technique for method I.
Method II
Method II in this study was conducted with prob-
ing in a ﬁxed distance, i.e., 0.5 mm/step for each mea-
surement. Figure 11 shows the SEM micrograph
Table I. Quantitative Analysis Results
for Trace Points in Fig. 7 for the Sn-3.5Ag0.5Cu
Solder Joints
(a) TCT-200 Cycle
Measurement
Locations
Composition (At.%)
PhaseCu Sn Ag
A 54.7 45.2 0.1 (Cu1x,Agx)6Sn5
B 74.4 25.5 0.1 (Cu1y,Agy)3Sn
C 1.2 28.6 70.2 (Ag1z,Cuz)3Sn
(b) TCT-500 Cycle
Measurement
Locations
Composition (At.%)
PhaseCu Sn Ag
A 54.8 45.0 0.2 (Cu1x,Agx)6Sn5
B 74.4 25.3 0.3 (Cu1y,Agy)3Sn
C 0.8 28.2 71.0 (Ag1z,Cuz)3Sn
Fig. 7. Cross-sectional images of interfacial morphology in Sn-3.5Ag solder/Ni/Cu joints during TCT: (a) 200 cycles and (b) 500 cycles. (c) and (d)
Enlarged images of (a) and (b), respectively.
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when probing the TCT 200 sample. Figure 11a indi-
cates the ﬁrst point measurement from the UBM Ti/
Cu to the IMC layer. Figure 11b shows the second
measurement within the Cu3Sn IMC, and Fig. 11c
and d, the measurement within the Cu6Sn5 IMC.
The largest thickness of IMCs in sample TCT 500
was 6 mm, as shown in Fig. 7a, so there were totally
12 points of measurements in method II with the
0.5 mm/step. All of the measured resistances with
respect to 12 points are listed in Table II. However,
the IMC thickness in sample TCT 200 was a little
smaller than 6 mm, so there were only 11 measure-
ment points, as indicated in Table II.
In comparison to the data in Table II, it was
revealed that the resistances for ﬁrst point, i.e.,
UBM Ti/Cu, were 600 V and 589 V for TCT 200
and TCT 500, respectively. Similarly, the resistan-
ces for second point, i.e., UBM to the Cu3Sn IMC,
were 150 V and 145 V for TCT 200 and TCT 500,
respectively. The consistent data after measure-
ment were another indication of the reliable techni-
que for method II. Again, all the measurements
within the Cu6Sn5 layer at the 0.5 mm/step exhibit
a resistance of 100 V for both TCT 200 and TCT 500.
This is additional strong evidence for the measure-
ment consistency in method II. As a result, the over-
all resistances of the total Cu6Sn5 layer in counting
from point 1 to point 11 were 1,650 V and 1,634 V
for TCT 200 and TCT 500, respectively.
Method III
In this study, method III was carried out by prob-
ing across different interfaces. Figure 12a indicates
the probing across UBM Ti/Ni(V) and Cu, Fig. 12b is
the probing between UBM(Ti) and thin Cu6Sn5
IMCs, and Fig. 12c shows the probing between
UBM(Ti) and thick IMCs (Cu6Sn5). The fact that
comparable resistance data were obtained for TCT
200 and TCT 500 under identical test conditions
Fig. 8. The real probing location in method I showing (A)–(E) regions.
Fig. 9. I-V characteristics of TCT 200 cycles in method I.
Fig. 10. I-V characteristics of TCT 500 cycles in method I.
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in Fig. 12a–c imply the reliable technique for
method III.
In summary, the total resistances for the TCT 200
sample within the Cu6Sn5 IMC layer were 1,454 V,
1,650 V, and 1,672V, as measured by methods I–III,
respectively. For the TCT 500 sample, the resistan-
ces were 1,652 V, 1,634 V, and 1,652 V. All the data
were nearly identical, and this provided strong evi-
dence to support the measurement technique in
methods I–III.
This research has demonstrated the successful
employment of the internal nanoprobing technique
along with the modiﬁed I-V curve method in the
electrical measurement of the solder joint in the
microelectronic package. Nanoprobing can be car-
ried out at either ﬁxed distances or across differ-
ent interfaces, and it exhibits reliable data in the
resistance measurement. This helps enable ana-
lysts to further appreciate the electrical behavior
in the IMC and UBM layer. It is expected that
the nanoprobing method will also exhibit the capa-
bility to measure straight sheet resistance in
small areas (.40 nm2) of the IMC layer. This tech-
nique will be equally valid for complicated back-
end structures currently used in advanced very-
large scale integration (VLSI) technologies.
CONCLUSIONS
d Interfacial microstructure and electrical charac-
teristics between the Ti/Ni/Cu UBM and Sn-Ag-
Cu solders after the temperature cycling test were
investigated by the modiﬁed I-V and SEM nano-
probing technique.
d Two different measurement techniques were
employed in the SEM internal probing system to
evaluate the electric characteristics in the Cu6Sn5
IMCs after different test conditions for 200 and
500 cycles. The sheet resistance of the Cu6Sn5
IMCs was about 100 ohm in every 0.5-mm dis-
tance.
d The evaluated resistance for the Cu6Sn5 IMCs was
nearly identical among the three different meth-
ods conducted in this study, indicating that a reli-
able test technique could be established. The
electric data would be correlated to microstruc-
tural evolution due to the interfacial reaction
between the solder and UBM.
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Table II. Summary of Resistance in IMCs and Solder Balls Measured by Various Methods for TCT
200 Cycle and TCT 500 Cycle Samples
Method Probe Point
Probing Layer
(Minimum Thickness
of IMC = 2.85 mm,
Maximum Thickness
of IMC = 6.0 mm)
Distance
(mm) (from
UBM Start)
TCT-200
Resistance
(Ohm)
TCT-500
Resistance
(Ohm)
Method 1 Measure 1 IMC layer 0.5 1454 1652
Method 2 Measure 1 UBM (Ti) to UBM (Cu)
layer
0.5 600 589
(ﬁxed-distance) Measure 2 IMC (Cu3Sn) layer 1.0 150 145
Measure 3 IMC (Cu6Sn5) layer 1.5 100 100
Measure 4 IMC (Cu6Sn5) layer 2.0 100 100
Measure 5 IMC (Cu6Sn5) layer 2.5 100 100
Measure 6 IMC (Cu6Sn5) layer 3.0 100 100
Measure 7 IMC (Cu6Sn5) layer 3.5 100 100
Measure 8 IMC (Cu6Sn5) layer 4.0 100 100
Measure 9 IMC (Cu6Sn5) layer 4.5 100 100
Measure 10 IMC (Cu6Sn5) layer 5.0 100 100
Measure 11 IMC (Cu6Sn5) layer 5.5 100 100
Measure 12 IMC to solder ball 6.0 — 700
Total layer (UBM + IMC) 6.0 1650 1634
Method 3 Measure 1 UBM (Ti) to UBM (Cu)
layer
0.5 700 666
(various interface) Measure 2 UBM (Cu) to IMC
(Cu3Sn)
1.0 150 150
Measure 3 IMC (Cu3Sn) to IMC
(Cu6Sn5)
4.5 777 836
Measure 4 IMC (Cu6Sn5) to Solder
ball
6.0 — 850
Total layer (UBM + IMC) 6.0 1627 1652
Fig. 12. SEM images when probing for TCT 200 across various interface measurements (method III): (a) probing UBM (Ti/Ni(V)/Cu), (b) probing
between UBM (Ti) and thin IMCs (Cu6Sn5), and (c) probing between UBM (Ti) and thick IMCs (Cu6Sn5).
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